Abstract-In this paper, an orthomode transducer (OMT) for dual-band operation and optimized for stacked micromachined layers implementation is presented. The proposed design avoids the use of septums, irises, pins, or small features and minimizes the number of equal-thickness micromachined layers required. In this way, the micromachining fabrication is simplified, making the proposed design a very attractive candidate for high frequency applications and for low-cost batch production. A -band dual-band design (one different polarization in each frequency band) with more than 10% fractional bandwidth for each band and 30% separation between bands is presented. In addition, proper routing and layered bends are designed for an optimum standard interfacing with the same orientation of the input/output ports. Two OMTs in a back-to-back configuration are fabricated using a thick SU-8 photo-resist micromachining process. A total of six stacked SU-8 layers, all of them with the same thickness of 635 m, are used. The experimental results are coherent with the tolerance and misalignment of the process, validating the proposed novel OMT design.
I. INTRODUCTION
O RTHOMODE transducers (OMTs) are passive devices with three physical ports that can be represented as a four-port electrical network: the fundamental mode at the lateral and axial ports and two polarizations (vertical and horizontal) at the common port [1] . These polarizations are the two fundamental modes propagating at the common port. Following the nomenclature defined in Fig. 1 , it is ideally intended total transmission between vertical polarization and axial port and between horizontal polarization and lateral port. In that sense, an OMT can be seen as a 0-dB dual-polarization directional coupler. These kinds of devices are used in the front-ends of numerous high-frequency transceivers to significantly improve and enhance their electrical capabilities. They allow the operation with both orthogonal linear polarization using a single horn and a single reflector antenna, with the subsequent volume and mass savings. This unique property makes OMTs essential elements in widespread applications covering terrestrial and space communications, satellite on-board equipment, radio-astronomy systems, and scientific instrumentation.
There exist different waveguide junctions used as OMTs, which can be classified into different categories [2] . These waveguide junctions can be gathered into two main groups: with onefold or with twofold symmetry. This classification is convenient in order to establish the maximum achievable bandwidth being set by the excitation of higher order modes.
This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ In the case with onefold symmetry, the main OMT structures are based on T-junctions. In these T-junctions, either the horizontal [3] - [6] or the vertical [7] , [8] polarization can be guided through the lateral port. Another different approach is based on backward coupling structures [9] . In addition, stringent specifications for single or multiple frequency bands and with one or both polarizations per band are commonly desired [7] .
The fabrication of OMTs is normally carried out by using accurate machining processes, such as CNC milling, electric discharge (EDM), or electroforming. However, these techniques are rather expensive and particularly cumbersome when going to millimeter and submillimeter-wave bands. Moreover, they are in general not adequate for mass production of high-frequency devices, which is one of the goals for new-generation array-based instruments [10] .
As alternatives to metal machining processes, new emerging micromachining techniques [11] have been proposed recently. Some of these technologies are SU-8 [12] - [14] , DRIE [15] , [16] , or LIGA [17] , and all of them are of special interest for high-frequency waveguide components. These technologies have in common that they are produced from different metallized layers that are stacked to assemble the final component. These micromachining processes have been applied for the implementation of different passive waveguide devices including filters [14] , [17] , [18] , couplers [19] , and antennas [11] , [20] .
In order to properly guide each of the polarizations to a different port, polarization-sensitive elements should be introduced in the OMT junction. Some polarization-sensitive elements are thin septums, pins, and matching thin irises. Unfortunately, these elements cannot be easily implemented by micromachining techniques based on stacked metallized layers. In contrast with the well-know OMT structures with a septum and an iris used for dual-and single-band [3] , [4] circuits, we propose a new topology suitable for optimum implementation using micromachining techniques and taking into account its constraints.
II. NOVEL OMT STRUCTURE
In this case, we focus on OMTs capable of performing as dual-band and with a single polarization in each band. These kinds of electrical specifications are common in microwaves for communication equipment, although they could also be used in radio-astronomy and space exploration instruments for the observation of physical phenomena at different frequencies. The desired electrical specifications are summarized as follows:
(a) dual-band single polarization operation; (b) center frequencies separation 30%; (c) bandwidth of both bands larger than 10%; (d) square waveguide at the common port; (e) standard rectangular waveguides at axial and lateral ports. In Table I , the particular specifications for the -band design treated in the following section are shown.
Besides these electrical specifications, several geometric constraints are imposed with the aim of an optimum implementation with micromachined stacked metallized layers:
(1) minimum number of layers; (2) same thickness of all the stacked layers; (3) avoid the use of septums, posts, or pins; (4) avoid the use of small features, such as irises or thin waveguide sections. These geometrical requirements are very restrictive making it challenging to achieve the aforementioned high-performance electrical specifications. Restrictions 1 and 2 simplify the process and speed up the fabrication time. With these constraints, the number of required wafers is minimized and the whole process can be adjusted only for one single etch depth. Restriction 3 is of great importance for actual micromachining processes. Septums and pins would require the fabrication of separate pieces. To this end, specific fabrication techniques should be developed. Moreover, a proper alignment of these separate pieces into the OMT junction would be required. The fourth restriction guarantees a low aspect ratio. In that way, possible fabrication issues are minimized.
One important contribution of this paper is the novel OMT geometry taking into account both the electrical specifications and the geometric constraints. For dual-band single polarization operation [electrical specification (a)], it is well known that OMTs with one symmetry plane can be used [3] . The selection of the rectangular waveguide port for each frequency band depends on the excitation of the higher order modes. The rectangular waveguide port, which imposes a perfect electric wall (PEW) at the symmetry plane of the OMT, should be selected for the higher frequency band. This symmetry does not generate the modes ensuring a single mode propagation at the common port. The remaining rectangular port should be used for the lower frequency band. The side of the square waveguide at the common port must be small enough to not propagate the mode at the lower frequency band. This is illustrated with the mode charts in Fig. 2 .
The complete bandwidth, including both bands, is less than 40% [electrical requirements (b) and (c)]. In that way, the same standard rectangular waveguide can be used for both bands. This helps restriction 1 since different rectangular waveguides at axial and lateral port would require additional layers. Using the appropriate standard rectangular waveguide, the lower frequency band is close to the lower limit of the standard rectangular waveguide bandwidth. Choosing the side of the square waveguide equal to the width of the standard rectangular waveguide places the cutoff frequency of the close to the center frequency of the standard rectangular waveguide and between the two bands of the OMT. Moreover, with this choice of the side of the square waveguide, the number of required layer is minimized, restriction 1.
The last critical point of the OMT is the extraction of the horizontal polarization through the lateral port at the same time that conditions 3 and 4 are fulfilled. This is solved by using a re-entrant ridge at the OMT junction, as shown in Fig. 1(b) . This re-entrant ridge helps to guide the electromagnetic beam with horizontal polarization toward the lateral port. This is similar to the approach based on the T-shaped waveguide presented in [8] . Nevertheless, in this case we extract the horizontal instead of the vertical polarization through the lateral port. In Fig. 3 , the electric field for each polarization is illustrated. In order to ensure restrictions 1 and 2, only steps on the narrow wall of the rectangular waveguide at the lateral port are introduced [see Fig. 1(b) ]. The vertical polarization can be matched by adding waveguide steps at the axial port. These steps do not increase the number of required layers. The final proposed OMT structure with all the geometrical constraints is shown in Fig. 1 .
III. OMT DESIGN

A. OMT Junction Design
Using the geometry proposed in the last section, an OMT with the specifications of Table I is designed. The axial port is matched by using a waveguide transformer from square to rectangular waveguide in a similar way that is presented in [1] and [3] . In this case, four different waveguide sections were required, as depicted in Fig. 4 . In principle, the bandwidth for the vertical polarization can be enhanced by using more waveguide sections in the transformer without complicating the final fabrication of the device. At the lateral port, the re-entrant ridge dimensions are adjusted to match the horizontal polarization in the desired frequency band. Moreover, an additional waveguide step is included after the junction to improve the matching of the lateral port, as shown in Fig. 4 .
The full-wave simulations were carried out using CST Microwave Studio. The OMT is efficiently analyzed taking advantage of its symmetry. In that way, the full-wave analysis of the OMT is reduced to solve two different problems, which are: 1) the OMT with a perfect magnetic wall (PMW) at the symmetry plane in the lower frequency band and 2) the OMT with a PEW at the symmetry plane in the upper frequency band. In order to get accurate results, a different adaptative meshing at the desired frequency band is used for each subproblem. The OMT symmetry helps not only in the full-wave analysis, but also to fulfill isolation and cross-polarization isolation specifications. Vertical and horizontal polarizations are isolated due to the onefold symmetry of the OMT's geometry. In that way, the design can be simplified to simultaneously match both polarizations. Isolation and cross-polarization do not need to be optimized since they are infinite due to the symmetry.
The full-wave optimization was carried out using an iterative process based on the efficient algorithms of simplex and simulated annealing [21] . The latter is used in the first iterations of the optimization in order to avoid undesired local minima of the error function. The error function to minimize was defined by the nonlinear function (1) where and are the reflection coefficients in decibels for the vertical and horizontal polarization, respectively, is a threshold value set to 25 dB, and are different frequency points at the lower and upper frequency band, respectively, and is the number of frequency points at each frequency band. It should be notice that each of the sums in (1) correspond to one of the aforementioned subproblems: OMT with PMW analyzed at the lower frequency band and OMT with PEW analyzed at the upper frequency band.
The final dimensions of the optimized OMT are shown in Fig. 4. In Fig. 5 , the electrical response of the OMT for both polarizations is presented. The stringent specifications of 25-dB return loss are fulfilled in both frequency bands. The simplicity of the final OMT geometry that can be implemented by a total of six equal-thickness single-etch depth metal layers should be emphasized, as depicted in Fig. 1(c) .
B. Layered Waveguide Bends
In order to get a proper interfacing with standard waveguides, it was decided to implement the flanges on the top and bottom of the metal layers, as shown in Fig. 7 . In that way, the uniform and flat surfaces of the micromachined layers ensure a good alignment and electrical contact between the micromachined OMT and the external waveguides [22] . To this end, layered waveguide bends compatible with the number and thickness of the OMT layers should be designed. In addition, the same orientation of the rectangular waveguides at the axial and lateral ports is desired.
Modified 90 bends in the -and -plane are used at the lateral and axial ports, respectively. The 90 bend in the -plane should be implemented with only two layers. Additional degrees of freedom are obtained by changing the width of the waveguide, as depicted in the inset of Fig. 6(b) . The electrical response is optimized for at least 35-dB return loss in the upper frequency band. For the 90 bend in the -plane, a total of six layers can be used, leading to a broadband response over the complete useful rectangular waveguide bandwidth. The final response and geometries of both layered 90 bends are shown in Fig. 6 .
The distance between the OMT and bends was selected according to the diameter of the WR-10 waveguide standard flanges. This can be appreciated in Fig. 7 . The full-wave response of the OMT with the layered bends at the axial and lateral ports is shown in Fig. 5 . A return loss of 25 dB is obtained in both frequency bands due to the high performance of the designed layered 90 bends.
C. OMTs Back-to-Back
The last issue to be solved is the square waveguide interface. Since there are no standard square waveguides, an indirect measurement procedure is required. Different approaches are commonly used, which require the design of additional custommade components, such as waveguide transitions [23] , dual polarization matched loads [24] , or even different reactive loads [25] . Another option is to use a different OMT with the same square waveguide to measure the OMT under test. If both OMTs are equal, this alternative reduces to a back-to-back configuration. In this alternative, two OMT should be implemented; however, this is not a problem for micromachining techniques and both devices can be fabricated over the same wafer at the same time. With the aim of easing the final measurement process, we opted for the back-to-back configuration.
The distance between both OMTs is set according to the flange dimensions. The final back-to-back configuration, with the main advantage of using standard WR-10 waveguides at the four input/output ports, is shown in Fig. 7 . Using the back-to-back configuration, a diminution of 6 dB (worst case) in the return loss for both polarization can be estimated. This is translated into around 19-dB return loss for the presented design. The full-wave simulation of the two OMTs in the back-to-back configuration, showing the mentioned diminution, is observed in Fig. 5 .
IV. EXPERIMENTAL RESULTS
A. Fabrication Using a Micromachining Process Based on Thick SU-8 Photo-Resist Technology
The designed OMT was fabricated through an ultra-thick SU-8 photo-resist-based micromachining process. This process has been used before for the fabrication of different waveguide components [12] , [14] , [20] . First, SU-8 50 photo-resist was spin coated on a 100-mm silicon wafer and the edge bead was removed immediately. The wafer then rested on a leveled stage for few hours to allow the liquid resist to be self-planarized. After that, the wafer was baked at 65 C and 95 C subsequently and thereafter patterned using UV radiation through a mask. Post-exposure bake was conducted at 70 C, which was relatively lower than the previous bake, to reduce the stress accumulating in the thick SU-8 layer. The pieces were developed in EC solvent and released from the silicon wafer using a KOH solution. Finally, the SU-8 pieces were metallized with silver in an evaporator.
For the present design, a total of three wafer runs were required, placing two layers per wafer. The two layers placed on the same wafer were selected as opposite and equidistant from the symmetry plane of the OMT, leading to wafers with: 1) first and sixth; 2) second and fifth; and 3) third and fourth layers, as enumerated in Fig. 7 . In that way, possible variations in the SU-8 thickness between different wafers were partially compensated and the symmetry of the OMT was maintained. This is important in order to avoid the excitation of undesired modes and spurious resonances.
The complete circuit was assembled by stacking the six micromachined SU-8 layers and clamping between two brass plates, as illustrated in Fig. 7 . These layers were carefully aligned by using four metallic pins with precise diameter, which also acted as the dowel pins to fit into the standard waveguide flange. A photograph of the assembled circuit is shown in Fig. 8(a) . and (see Fig. 7 ) at band 1 and 2, respectively. Measurement 2 is and (see Fig. 7 ) at band 1 and 2, respectively.
B. Scattering Parameters Measurement and Discussion
The measurements of the scattering parameters of the OMTs in a back-to-back configuration were carried out using a PNA E8364C with two OML frequency extenders network analyzer and used thru-reflection-line (TRL) calibration. The two ports of the network analyzer were connected to two of the ports of the device, while the remaining ports were loaded with matched loads, as shown in Fig. 8(b) . In that way, the four-port device is completely characterized by carrying out six different consecutive measurements with the network analyzer ports connected at: 1) ports 1 and 3; 2) ports 2 and 4; 3) ports 1 and 2; 4) ports 3 and 4; 5) ports 1 and 4; and 6) ports 2 and 3; following the numbering of Fig. 7 . For the latter two measurements, additional bends should be used due to the size of the frequency extenders, as shown in Fig. 8(b) . It should be highlighted that this routing allows an easy measurement of Fig. 10 . Insertion loss measurements at both operating bands. The presented results correspond to the transmission measured between ports 1 and 3 at band 1 and between ports 2 and 4 at band 2 (see Fig. 7 ). An effective conductivity of 3 10 S m and 1 10 S m were use in the full-wave simulations for the vertical and horizontal polarization, respectively. the circuit without rotating the frequency extenders and with the only additional components of two bends for the last two measurements.
In Fig. 9 , the measurements of the reflection coefficient at both operating bands are presented. It can be appreciated around 16-dB return loss for both polarizations and certain frequency shift in the response. This frequency shift is associated with the fabrication tolerances of the micromachining process. The deviation of the measurements with respect to the simulations are of around 2 GHz to lower frequencies in the first band and around 2.5 GHz to higher frequencies in the second band. The discrepancies in the first band are mainly related to the tolerance in the thickness of the SU-8 layers. This is because the cutoff frequency of the vertical polarization is fixed by that dimension, as seen in Fig. 1(c) . The 2-GHz frequency shift at the first band is equivalent to a layer thickness 4.5% larger than specified. On the other hand, the cutoff frequency of the horizontal polarization (band 2) is related with the patterned dimensions, as seen in Fig. 1(c) . In this case, the 2.5-GHz frequency shift is equivalent to patterned dimensions 3% shorter than specified. These tolerance deviations of the micromachining process have been observed before in the microfabrication of different waveguide components [14] , [18] .
The measured insertion loss for both polarizations is shown in Fig. 10 . An insertion loss of around 0.65 and 3.5 dB were obtained at the first and second bands, respectively. It can be noticed that these measurements correspond to signal paths going through both OMTs in the back-to-back configuration. The insertion loss of each of the single OMTs, including the long routing paths to the flanges and half of the square waveguide length, can be estimated as half of those values.
From the measured insertion loss, it is possible to define an effective conductivity. This value includes the effect of nonideal metallic conductors, surface roughness, air gaps, and any other possible issues during the fabrication [26] . Hence, the effective conductivity is highly dependent of the fabrication process and the nominal value of the metal conductivity might be considered as the upper limit. Moreover, for the case of double polarization devices, different insertion loss levels for each polarization are normally obtained [27] . This is because the electromagnetic field and particularly the surface current of each polarization is differently affected by the fabrication process. In that way, two effective conductivities, one per polarization, are required to characterize double polarization devices.
For the vertical polarization, an effective conductivity of 3 10 S m was obtained, as shown in Fig. 10 . It should be pointed out that this value is similar to the effective conductivity obtained at -band using low-cost milling processes [28] . In the case of horizontal polarization, an effective conductivity of 1 10 S m was obtained. This value is significantly lower than in the case of vertical polarization and can be due to air gaps in between micromachined layers. It is highlighted that the splitting of the device at the symmetry plane of the OMT interrupts the surface currents of the horizontal polarization. This fact explains the much lower effective conductivity achieved for this polarization. A possible solution for the air gaps issue might be a thermo bounding process once the circuit is assembled.
It is possible to observe some spikes out of band in Figs. 9 and 10. For the vertical polarization, the first spike above the first band is due to the cutoff frequency of the modes. This kind of spike has been observed before in dual-band OMT designs, such as in [3] . Above that frequency, the square waveguide is multimode and there are many resonances. For the horizontal polarization, there are a couple of spikes in the measurements above and below the second operating band. Out of the designed band, the OMT is not well matched and cavity resonances of the structure might probably appear.
The isolation, defined as the transmission between the rectangular waveguide ports, and the cross polarization isolation, defined as the transmission between a rectangular waveguide port and the orthogonal polarization at the common port, are ideally infinite due to the symmetry of the OMT. In practice, (Fig. 8) . The simulation was carried out assuming a misalignment of 10 m at the symmetry plane of the OMT.
this symmetry is not perfect, leading to finite values of isolation and cross polarization isolation. The main cause for this loss of symmetry is the alignment precision between layers.
In Fig. 11 , the measured isolations and the simulation of the back-to-back OMTs configuration are shown. The fullwave simulation was carried out introducing a misalignment of 10 m at the symmetry plane of the OMT. The aim of this simulation is to get an estimation of the alignment accuracy of the device. From the data presented in Fig. 11 , it is possible to estimate that the alignment precision is around 10 m. It should be pointed out that the measured isolations shown in Fig. 11 are very pessimistic estimations of the isolation of a single OMT. This is due to the additional effect introduced by loading the common port of an OMT with an element (the second OMT) with cross polarization reflection coefficient . Fig. 12 shows the full-wave simulation of a single OMT with a misalignment of 10 m at the symmetry plane.
The measurements presented in Fig. 13 are mainly related to the cross polarization isolation of the OMTs. The simulation verify the previous estimation of around 10-m precision in the layers alignment. In this case, the cross polarization isolation of a single OMT is fixed by the misalignment and the length of the square waveguide at the common port, as discussed in [8] and [29] .
V. CONCLUSIONS
A new dual-band OMT with a simple geometry for optimum fabrication with micromachining techniques has been presented. The proposed design avoids critical elements commonly used in OMT devices such as septums, pins, or irises, and fulfills stringent specifications of more than 10% fractional bandwidth for each band and 30% separation between bands. Moreover, the geometry can be split into only six equal-thickness single-etch layers, and in that way facilitate the micromachinig implementation.
Two prototypes operating at -band have been fabricated in a back-to-back configuration using an SU-8 photo-resist micromachining process. The measurements validate the design and prove to the authors' knowledge for the first time the microfabrication with SU-8 of an OMT.
In addition, the presented design is suitable to be scaled to higher frequency, as well as implemented with different micromachining processes based on staked metallized layers. Yingtao Tian received the Ph.D. degree in mechanical engineering from Loughborough University, Loughborough, Leicestershire, U.K., in 2010.
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